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The interaction between recombinant Strongylocentrotus purpuratus sperm bindin and a recombinant fragment of
the putative egg bindin receptor of the same species was measured in vitro. In solution these molecules interact with
simple bimolecular kinetics, displaying an equilibrium dissociation constant of about 0.1 mM. Thus, as implied by
many observations in vivo and in vitro, bindin and the putative egg receptor display a speci®c af®nity for one another.
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INTRODUCTION 1996). These sequences vary in species-speci®c ways, and a
study of the inhibitory activity on fertilization of synthetic
On activation of sea urchin sperm the acrosome everts, peptides representing portions of S. purpuratus and Strongy-
exposing a close-packed array of bindin molecules (reviewed locentrotus franciscanus bindins (Minor et al., 1993) sug-
by Vacquier et al., 1995). The multimolecular interaction gests that certain of the variable sequence elements within
of bindin with a receptor located on the egg surface is an the bindin molecule are responsible for the species-speci-
obligatory precedent to fusion of the sperm and egg mem- ®city of bindin±receptor interaction. A putative egg recep-
branes. This interaction is of great interest to evolutionary tor for sperm was characterized, and a fragment of it cloned
biologists as well as for understanding the mechanism of (Foltz and Lennarz, 1990, 1992; Foltz et al., 1993; Stears and
fertilization, in that bindin±egg interactions have been Lennarz, 1995; Ohlendieck et al., 1993, 1994a). A recombi-
shown to exhibit marked though not absolute species speci- nant protein, termed ``45A,'' which represents an extracel-
®city (Glabe and Lennarz, 1979; Minor et al., 1989, 1993; lular region of the putative receptor, inhibits fertilization
Metz et al., 1994; Vacquier et al., 1995; Metz and Palumbi, competitively, promotes sperm binding to beads to which
1996). Incompatibility between bindin and its egg receptor 45A is linked, and aggregates with bindin in a velocity sedi-
appears to function as an important gene pool isolating mentation assay. Antibodies against recombinant 45A have
mechanism for several sympatric congeneric species pairs been used to show both by electron microscope immuno-
that might otherwise interbreed extensively (Vacquier et gold localization and by immuno¯uorescence confocal mi-
al., 1995; Palumbi and Metz, 1991, Metz and Palumbi, croscopy that the 350-kDa molecule containing this peptide
1996). domain is present on the egg surface and in cortical granules
Bindin was cloned by us from a Strongylocentrotus purpu- before fertilization, and that it disappears from the surface
ratus testis cDNA library (Gao et al., 1986), and the bindin after fertilization (Ohlendieck et al., 1994a; Partin et al.,
sequences of a number of sea urchin species have now been 1996; W. J. Lennarz, personal communication). However,
characterized (Vacquier et al., 1995; Metz and Palumbi, there is yet no direct evidence that the 350-kDa molecule
is indeed the receptor for the sperm protein bindin. Further-
more, the issue is complicated by the fact that according1 Present address: Department of Chemistry, Columbia Univer-
sity, New York, NY 10027. to its sequence the 45A domain has homology to hsp110
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incubated with the 32P-bindin for 30 min at 07C and then washedchaperone proteins (Foltz and Lennarz, 1993; Yoon et al.,
81 at room temperature in CMFSW by low-speed centrifugation.1995; Yasuda et al., 1995). The extensive evidence cited
The 32P-bindin complex was eluted after 10 min incubation at roomabove indicates that a 350-kDa glycoprotein that either in-
temperature, in 200 ml 50 mM reduced glutathione in CMFSW; thecludes the sequence of 45A or is closely homologous to it
beads were removed by centrifugation and the supernatant wasconstitutes part of the egg receptor that promotes sperm
counted. Background was measured using beads that had no 45A
binding to eggs. We attempted to determine the af®nity of bound to them.
soluble bindin for the 45A sequence in vitro. We report
measurements which demonstrate that in solution, recom-
binant bindin and recombinant 45A are capable of a simple, Data Reduction Procedures
second-order bimolecular interaction, even though in life
Counts per minute (cpm) 32P-bindin±45A complex was obtained asboth molecular species are probably present in large, closely
a function of the molar concentration of 32P-bindin added to each
spaced, two-dimensional arrays so that the sperm±egg inter- sample. These data were ®t to the form Y  (k2 0 1P)/(1 / k2 0 1P)
action involves many contiguous bindin and receptor mole- (Eq. 1), where Y 32P-bindin in complex/Y0. Hence, Y0 represents the
cules. Nonetheless, the bimolecular solution reaction that bindin cpm at the saturation value at which, in excess bindin, all
we observed displays an equilibrium dissociation constant active 45A present in the reaction is complexed with bound 32P-
that indicates a modestly strong and speci®c interaction. bindin; k2 is the second-order equilibrium dissociation constant (M);
and P is the molar concentration of bindin present in each reaction.
Values for Y0 and k2 were obtained by a nonlinear least squares proce-
dure. Standard deviations were also calculated for k2 and Y0 and areMATERIALS AND METHODS
reported in Table 1 (see also caption to Fig. 2).
Bindin±45A Preparations and Assay of
Interactions
RESULTS AND DISCUSSION
Recombinant bindin bearing a six-histidine (His6) tag was pre-
pared from a pRSET expression construct (Invitrogen) based on the
Measurements of the equilibrium dissociation constantoriginal cDNA clone described by Gao et al. (1986). A target site
for the reaction between soluble recombinant bindin andfor heart muscle kinase was cloned in frame to permit covalent
the soluble recombinant 45A fragment of the putative re-labeling with 32P (Li et al., 1989; Blanar and Rutter, 1992). Protein
ceptor are shown in Table 1, and 6 of the 11 experimentsexpression was induced in Escherichia coli BL21 cells by the addi-
in Table 1 are illustrated graphically in Fig. 2. The highesttion of 1.0±0.1 mM isopropylthiogalactoside as per the manufactur-
er's instructions. For puri®cation the bindin was bound to Ni2/ bimolecular equilibrium dissociation constant (k2 ) observed
NTA beads (Qiagen) and eluted in 8 M urea, 0.1 M NaH2PO4, 0.01 for the interaction of soluble bindin with the 45A homo-
M Tris titrated to pH 4.5 with HCl. The puri®cation was monitored multimer was 3.0 1 1007 M (experiment 9 of Table 1) and
by SDS±PAGE gel electrophoresis of the various wash steps (Fig. the lowest was 3.1 1 1008 (experiment 10); the average for
1). The denatured protein was renatured stepwise from 8 M urea all the measurements gives k2  1.4 1 1007 M.to Ca2/±Mg2/-free seawater (CMSFW). Then the renatured bindin
fusion protein was labeled at the heart muscle kinase site with that
enzyme (Sigma, St. Louis, MO) and [g-32P-ATP] (NEN, Boston, MA). Technical Aspects of the Measurements
Two different methods were used to measure bindin±45A interac-
tions. Bindin concentrations and speci®c activity were previously Table 1 and Fig. 2 show that there is no signi®cant differ-
determined by Bradford (1976) assay and scintillation counting. In ence in the results obtained by the two methods of measure-
Method I the clone encoding the 45A fragment, which was kindly ment (I and II). As described above in detail, in Method I
provided by R. Stears and W. Lennarz, was recloned into a pRSET the covalently labeled recombinant bindin was reacted with
construct and also puri®ed using Ni2/-NTA beads, eluted as above. Ni-agarose beads to which His-tagged 45A was bound; the
The 45A was then bound to 50 ml fresh Ni2/-NTA beads for each unbound Ni was blocked with polyhistidine; and the
sample, at levels determined to be saturating. Any remaining free
amount of bindin reacting with the 45A was measured byNi sites on the beads were blocked by the addition of 500 mg of
counting the beads, after extensive washing. A potentialpolyhistidine/50 ml beads, in CMSFW. The 32P-labeled bindin in
drawback of this method is its entire dependence on theCMFSW was mixed with the beads and incubated at room tempera-
ef®cacy of the polyhistidine blockage step, since the recom-ture for 45±60 min. The beads were then washed 31 by centrifuga-
tion in CMFSW and counted. Background was measured in parallel binant bindin also contains a His tag used in its puri®cation.
samples (usually 1/3 of total counts) prepared with beads lacking Nonetheless, Method I provided coherent data and turned
45A but otherwise treated identically with polyhistidine. For out to be less prone to data scatter than was Method II. For
Method II we utilized the 45A expression construct in a glutathione Method II, the 45A fragment was puri®ed by the glutathione
S-transferase vector that was provided by Stears and Lennarz. The S-transferase binding procedure. Glutathione±Sepharose
expressed recombinant 45A protein was puri®ed by binding to glu- beads were used to immobilize the 45A protein; the labeled
tathione±Sepharose beads (Pharmacia). The nonspeci®c binding
bindin was added; and after extensive washing, the complexsites were blocked by incubating 1 hr at room temperature in 3 ml
was eluted with reduced glutathione and counted. Essen-of 2 mg/ml BSA in CMFSW per 1 ml of 45A±glutathione±Sepharose
tially we developed Method II to provide an independentslurry. The slurry was washed 31 with CMFSW, resuspended into
check on Method I, and this objective is attained (Table 1).CMFSW, and 32P-labeled bindin in CMFSW was added to 100 ml of
bead slurry for each bindin concentration sample. The beads were Table 1 provides { standard deviations on both parame-
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TABLE 1
Binding±45A Interactions
Experiment Method Y0 0 s Y0 Y0 / s k2 0 s k2 (M) k2 / s
1 I 0.60 1.00 2.19 4.4 1 1008 2.6 1 1007 1.1 1 1006
2 I 0.75 1.00 1.35 1.1 1 1008 7.2 1 1008 3.6 1 1007
3 I 0.39 1.00 2.41 2.0 1 1008 1.2 1 1007 5.9 1 1007
4 I 0.69 1.00 1.85 1.0 1 1008 5.2 1 1008 2.6 1 1007
5 I 0.39 1.00 2.02 4.3 1 1008 2.6 1 1007 1.1 1 1006
6 I 0.61 1.00 1.95 2.4 1 1008 1.1 1 1007 4.7 1 1007
7 I 0.76 1.00 1.54 1.6 1 1008 8.0 1 1008 3.9 1 1007
8 I 0.78 1.00 1.40 1.6 1 1008 8.0 1 1008 4.2 1 1007
9 II 0.61 1.00 1.99 1.9 1 1008 3.0 1 1007 1.8 1 1006
10 II 0.79 1.00 1.34 5.1 1 1009 3.1 1 1008 2.3 1 1007
11 II 0.67 1.00 1.64 2.9 1 1008 2.2 1 1007 1.2 1 1006
Average 2.15 1 1008 1.44 1 1007 7.20 1 1007
Note. On the curves shown in Fig. 1, k2  1/P.5 (see Eq. (1)), where P.5 denotes the value of P at which Y  0.5. The standard deviations
shown independently re¯ect the security of the determination on both sides of the mean value of the parameter, which depends on the
density and coherence of data on each side. Thus they are not always symmetrical. The errors were calculated as follows: Twenty-®ve
values to the right and to the left of the optimal P.5 were chosen at equal intervals on the log scale (Px values) and the best ®t curves, and
their standard errors were calculated, given the measurements for each point and assigning k2  1/Px. The standard errors of the 50 curves
distributed in a Gaussian curve on the log scale, sometimes slightly tilted in a linear manner from low to high P. After correction for
this tilt where necessary, the standard deviations of this Gaussian distribution were reported and their inverses taken as k2 { s. Y0 { s
reported in the table are the equivalent values of Y at k2 { s. Where the errors are not symmetrical around the least squares value of k2 ,
the best least square values of k2 do not correspond with the minima of the Gaussian error curves constructed with the assigned Px values,
because the data were more scattered or less extensive on one side of P.5 than on the other.
ters for which the least squares deviations were mini- on the saturation levels were about 30% below the least
squares value on the low side (Y0 0 s) and about 100%mized, viz. the calculated saturating level (Y0 ) and the
value of the equilibrium dissociation constant (k2 ) itself. above of the least squares value on the high side (Y0 / s).
This asymmetry re¯ects the tendency toward scatter atTable 1 shows that in most cases the standard deviations
high concentrations and the dif®culty of obtaining suf®-
ciently concentrated levels of soluble bindin. Errors
around k2 are in some cases similarly asymmetric, for
the same reasons. Standard deviations on k2 extend about
®ve- to sevenfold in either direction from the mean value,
on the average. Note that the form of the curves shown
in Fig. 2 is clearly bimolecular and as expected no coopera-
tivity is observed.
Interpretation
An appropriate comparison to the bindin±receptor inter-
action may be the speci®c interaction between T-cell recep-
tors (TCR) and MHC-peptide. In the interaction between
T-cells and antigen-presenting cells both interacting mole-
cules are presented on the membranes of the interacting
cells, just as in the interaction between sperm bindin and
its egg surface receptor, and in both cases the intercellular
interactions are mediated by a large number of individual
FIG. 1. Bindin puri®cation. A digital scan of a dried SDS±PAGE molecular interactions. In the case of the T-cell, 100±200
gel that was stained with Coomassie blue. The various elution
receptors must interact with MHC-peptide in order to initi-steps for the Strongylocentrotus franciscanus (Sf) recombinant bin-
ate the response (Harding and Unanue, 1990; Valitutti etdin and the S. purpuratus (Sp) recombinant bindin are labeled B±
al., 1995). Ultimately hundreds of TCR±CD3 complexesE and H, respectively. The upper arrowhead on the right identi®es
may be sequentially activated by each MHC-peptide com-the 45A recombinant protein and the lower arrowhead, the bindin
bands. The molecular weight standards are indicated on the left. plex (Vallitutti et al., 1995). TCR interactions with MHC-
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measuring activation of living T-cells (Matsai et al., 1991;
Weber et al., 1992; Sykulev et al., 1994). The bimolecular
equilibrium dissociation constants reported in these mea-
surements reveal a relatively weak unitary interaction.
Thus, in vitro the equilibrium dissociation constants are
on the order of 1004 to 1007 M for T-cell±MHC-peptide
interactions, with most values falling in the range 1004 to
1006 M. Though obviously speci®c, the strength of these
bimolecular interactions is even lower than that of the bin-
din±45A interaction. The T-cell receptor±MHC example
demonstrates nicely the utilization of a molecular recogni-
tion which when measured with one component in solution
displays only a modest bimolecular af®nity, but which in
life is multiplied by the large factor stemming from the
multiplicity of the interactions per cell. The close packing
of bindin molecules on the sperm membrane at the tip of
the acrosome process suggests that the sperm±egg interac-
tion will display strong cooperativity as well.
The af®nity measurements that we present here demon-
strate a speci®c interaction between recombinant 45A and re-
combinant bindin. Minor et al. (1993) showed that small syn-
thetic bindin peptides compete species-speci®cally with fertil-
ization. We could not measure S. franciscanus vs S. purpuratus
bindin equilibrium constants because the S. franciscanus re-
ceptor was not available, though in the converse experiment,
i.e., recombinant S. franciscanus bindin vs S. purpuratus 45A,
we detected no interactions at all (Fig. 3). In the absence of
independent evidence that our S. franciscanus bindin prepara-
tion was active, we cannot address the issue of the species
speci®city of the solution reactions that we observed. We may
conclude that the measurements of Table 1 are entirely consis-
tent with the bindin±receptor model of echinoid sperm±egg
interaction and with the peptide experiments of Minor et al.
(1993). As in the latter experiments there is no role required
of glycosylation in the interactions measured, since both com-
ponents were produced in bacteria. The speci®c bimolecular
af®nity indicated by an equilibrium dissociation value of0.1
FIG. 2. Representative bindin±45A saturation data. Numbers in
parentheses in each panel are keyed to Table 1. The Roman numer-
als indicate whether the observations were made by Method I or
II. Data were ®t to Eq. (1) (see text). The vertical line in each panel
indicates bindin concentration at half saturation, or k201 (see Eq.
(1)), and the horizontal line bisecting it at Y  0.5 gives the limits
of k2 0 s to k2 / s (see Table 1).
FIG. 3. A representative binding experiment in which the counts
per minute of radioactive bindin which has bound to 45A are plot-
ted against the concentration of bindin in the binding reaction. The
S. purpuratus bindin is shown in solid circles and the S. francis-
peptide have been measured in vitro, using solubilized canus bindin is shown in solid triangles. The binding reaction was
MHC-peptide and immobilized T-cell receptor (Corr et al., performed by Method II. The data were ®tted to a curve of the form
1994), or have been estimated by various competition meth- described in the text. The S. purpuratus values displayed all lie
below the half-saturation value.ods using soluble TCR or soluble MHC-peptide in assays
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peptide-MHC complexes with T cell receptors. Science 254,mM is of reasonable magnitude, given the small sequence
1788±1791.length probably involved, the high salt concentration in the
Metz, E. C., and Palumbi, S. R. (1996). Positive selection and se-seawater environment, and the fact that in fertilization the
quence rearrangements generate extensive polymorphism in themultiplicity and local concentrations of the interacting mole-
gamete recognition protein. Mol. Biol. Evol. 13, 397±406.
cules would be likely to generate an aggregate af®nity that is Metz, E. C., Kane, R. E., Yanagimachi, H., and Palumbi, S. R. (1994).
several orders of magnitude higher. Fertilization between closely-related sea urchins is blocked by
incompatibilities during sperm-egg attachment and early stages
of fusion. Biol. Bull. 187, 23±34.
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